Fully modified 4'-thioDNA, an oligonucleotide only comprising 2'-deoxy-4'-thionucleosides, exhibited resistance to an endonuclease, in addition to preferable hybridization with RNA.
INTRODUCTION
Synthetic short oligonucleotides are utilized to control gene expression. A variety of modified nucleoside units have been synthesized and incorporated into oligonucleotides with the aim of developing useful applications. Walker, Imbach and their collaborators (1-5) have reported the synthesis and properties of 4 0 -thioDNAs, i.e. oligonucleotides comprising of 2 0 -deoxy-4 0 -thionucleosides. They indicated that 4 0 -thioDNAs preferably hybridize to complementary RNA (1, 3, 5) . They investigated the nuclease sensitivity of 4 0 -thioDNAs (3,5). No significant resistance to degradation by the exonuclease, snake venom phosphodiesterase (SVPD), was observed when compared with the corresponding unmodified oligodeoxynucleotide. However, 4 0 -thioDNAs were found to be highly resistant to degradation by the endonuclease S1 (3). These features of 4 0 -thioDNA are suitable for its application as functional DNA such as an antisense DNA. It was also demonstrated that 4 0 -thioDNAs elicit Escherichia coli RNase H hydrolysis of the RNA target only at high enzyme concentration (3).
The DNAs investigated by Walker's group were partially modified 4 0 -thioDNAs in which 2 0 -deoxy-4 0 -thionucleosides were incorporated just at several specific positions. Then, we reported the synthesis and properties of fully modified 4 0 thioDNA which comprises 2 0 -deoxy-4 0 -thionucleosides exclusively (6,7). Fully modified 4 0 -thioDNA also exhibited preferable hybridization to complementary RNA and resistance to an endonuclease. It was unexpectedly found that fully modified 4 0 -thioDNA behaves like an RNA molecule in terms of hybridization properties and structural aspects monitored by circular dichroism (CD). Fully modified 4 0 -thioDNA exhibited a CD spectrum characteristic to RNA. It was also shown that fully modified 4 0 -thioDNA interacts with an RNA major groove binder, lividomycin A, resulting in an increase in thermal stability, but not with DNA groove binders. Moreover, the interaction of fully modified 4 0 -thioDNA with RNase V 1 was also revealed. These findings have suggested that fully modified 4 0 -thioDNA takes on an RNA-like structure, i.e., the A-form. 0 S T residues took on the C3 0 -exo conformation, which belongs to the category of the B-form. Although some structural differences were noticed between the partially modified 4 0 -thioDNA and the native non-modified DNA, the partially modified 4 0 -thioDNA basically took on the B-form, both locally and globally (8). Thus, the crystal structure of partially modified 4 0 -thioDNA does not coincide with our experimental results, implying the A-form for fully modified 4 0 -thioDNA. The crystal structure of partially modified 4 0 -thioRNA, r(CC 4 0 S CCGGGG) 2 , in which 4 0 S C is 4 0 -thioribocytidine, has also been reported (9). The A-form structure was seen, as expected for RNA. No other structure has been reported for either 4 0 -thioDNA or 4 0 -thioRNA. Thus, detailed structural analysis of fully modified 4 0 -thioDNA beyond CD analysis has not been reported yet.
The implication of the RNA-like structure, together with the promising features as a functional DNA, has encouraged us to determine the structure of fully modified 4 0 -thioDNA. Here, we present the structure of fully modified 4 0 -thioDNA with the sequence of d(CGCGAATTCGCG) determined by NMR. This is the first structure determined in solution for 4 0 thioDNA or 4 0 -thioRNA. It was revealed that, in contrast to partially modified 4 0 -thioDNA taking on the B-form in the crystalline form, fully modified 4 0 -thioDNA takes on the A-form with the C3 0 -endo sugar conformation, which is characteristic of RNA. This is surprising because the base sequence itself is identical for fully and partially modified 4 0 -thioDNAs. The reasons for the unexpected formation of the A-form of this DNA are discussed. Then, remarkable features reported for fully modified 4 0 -thioDNA, including resistance to nucleases, are explained rationally on the basis of the elucidated structure.
MATERIALS AND METHODS

Sample preparation
Fully modified 4 0 -thioDNA with the sequence of d(CGCGAATTCGCG), which exclusively comprises 2 0 -deoxy-4 0 -thionucleosides ( Figure 1A ), was synthesized and purified as described previously (6,7). 4 0 -thioDNA was dissolved in a solution containing 10 mM NaCl and 10 mM Na-phosphate (pH 6.5). The concentration of the 4 0 -thioDNA strand was 0.4 mM. 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) was used as an internal chemical shift reference. The sample was heated at 858C for 5 min, followed by gradual cooling to room temperature prior to the measurement.
NMR spectroscopy
NMR spectra were recorded with Bruker DRX800 and DRX600 spectrometers each equipped with a cryoprobe with a Z-gradient. The following NMR experiments were performed to assign the resonances, and to obtain distance and dihedral angle constraints: NOESY, TOCSY, DQF-COSY and 1 H-13 C HSQC. Spectra were processed and analyzed with XWIN-NMR (Bruker), NMRPipe (10), Capp/Pipp/Stapp (11) and Sparky (12) .
Distance and dihedral angle constraints
Interproton distances were obtained from a NOESY spectrum with a mixing time of 50 ms in 2 H 2 O and one (13) (14) (15) . In total, 786 distance constraints were obtained per duplex.
The dihedral angle constraints for the d, and endocyclic n 0 , n 1 , n 2 , n 3 and n 4 torsion angles were derived from the 3 J H1
00 -H3 0 and 3 J H3-H4 0 couplings (16, 17) , as described previously (13) (14) (15) . The sugar pucker was determined as follows: the C3 0 -endo conformation for the C3, G4, A5, A6, T7, T8, C9 and G10 residues, the C4 0 -exo conformation for the G2 and C11 residues, and a conformation between the C4 0 -exo and O4 0 -endo ones for the C1 and G12 residues. The d and endocyclic n 0 -n 4 torsion angles of the residues taking on the C3 0 -endo conformation were moderately constrained, leaving the sugar free to take on any conformation without an energy penalty between C2 0 -exo and C4 0 -exo including C3 0 -endo in the pseudorotation cycle. In the same way, those of the residues taking on the C4 0 -exo conformation were constrained between C3 0 -endo and O4 0 -endo including C4 0 -exo, and those of C1 and G12 were also moderately constrained similarly.
Structure calculations
Structure calculations were carried out using distance and dihedral angle constraints with a simulated annealing protocol supplied with X-PLOR v. 3.851 (18), CNS v. 1.1 (19) , and Xplor-NIH v. 2.18 (20) . Hydrogen-bonding constraints and planarity constraints for Watson-Crick base pairs were also included.
As described above and also under 'Results' section, the NMR data revealed that all sugars of our 4 0 thioDNA duplex took on the N-type pucker, typically C3 0 -endo, not the S-type pucker. 
0 , were extracted from the crystal structure of r(CC 4 0 S CCGGGG) 2 (PDB IB: 2a0p), and added to the data base that was referred to during the structure calculation.
Ten final structures were selected from 100 calculations on the basis of the criteria of the smallest residual energy values. None of them violated the distance constraints by more than 0.5 Å or the dihedral angle constraints by more than 58. The structures of the grooves were analyzed with Curves (21) , and the stacking was analyzed with 3DNA (22) .
Coordinates
The coordinates of a representative structure with the lowest energy have been deposited in the Protein Data Bank (PDB ID code is 2rmq).
RESULTS
Resonance assignments
Non-exchangeable 1 H resonances were assigned using standard methods (16), as described for other DNAs and RNAs (13) (14) (15) (Table 1S) . As an example, Figure 1B shows expansion of the NOESY spectrum allowing the sequential assignment of the H1 0 and H6/H8 through H1 It was noted that an H2 0 resonance appeared in the lower field in comparison to an H2 00 resonance for all residues except for G12. The discrimination of H2 0 and H2 00 resonances was unequivocally accomplished on the basis of the fact that an H1 0 -H2 00 correlation peak should be stronger than an H1 0 -H2 0 one in a NOESY spectrum because of the vicinity of H1 0 -H2 00 for any sugar conformation. Usually, the H2 0 resonance appeared in the higher field not only for the B-form, but also for the A-form (23) . Therefore, the reversal of the resonance positions may be a characteristic of a 2 0 -deoxy-4 0 -thionucleoside.
Appearance of the N-type sugar conformation characteristic to the A-form
The parameters used to describe the relationship between the pseudorotation angle, P, and the torsion angle between two vicinal sugar protons, u HH , for 2 0 -deoxy-4 0 -thioribose were optimized and validated by Walker and Chattopadhyaya, and their collaborators (24) . On the basis of the reported parameters, the dependence of five vicinal 1 H-1 H coupling constants, 3 J HH , on the pseudorotation angle was calculated using the simple Karplus equation (25, 26) , 3 J HH = 10.2cos 2 u HH À 0.8cosu HH , and is illustrated in Figure 2 . The maximum puckering amplitude was set to 458 (24) . The simple Karplus equation was used, because it had been reported that the simple Karplus equation and a more complicated Karplus equation (27, 28) give reasonably similar results regarding the dependence of 3 J HH on P as to 2 0 -deoxyribose (29) . The dependence obtained for 2 0 -deoxy-4 0 thioribose (Figure 2 ) is basically the same as that reported for 2 0 -deoxyribose (29) . However, some differences are noticeable. For example, 3 J H2
00 H3 0 correlation peaks in the DQF-COSY spectrum were observed for all twelve residues of fully modified 4 0 -thioDNA ( Figure 1D ). When Figure 2 was referred to, this indicated that all residues took on the N-type sugar conformation characteristic of the A-form, not the S-type sugar conformation characteristic of the B-form, for which the absence of the corresponding correlation peaks was expected. Observation of the strong H3 0 -H4 0 correlation peaks for all residues (data not shown) is also consistent with the N-type sugar conformation.
The sugar conformation of the central eight residues, C3-G10, was further limited to around C3 0 -endo, on the basis of the weakness of the H1 0 -H2 0 correlation peaks ( Figures 1C and 2 ). It should be added that the H2 0 -H3 0 correlation peaks were weak for these residues (data not shown). This is expected from Figure 2 , because the corresponding J-value is relatively small, 4 Hz, for C3 0 -endo. On the other hand, the J-value expected for C3 0 -endo of 2 0 -deoxyribose is not small, 6-7 Hz, (29), as mentioned above, which cannot explain the weakness of the correlation peaks. This fact seems to confirm the validity of Figure 2 calculated specifically for 2 0 -deoxy-4 0 -thioribose. At this stage, the sugar conformation of G2 and C11 was presumed to be around C4 0 -exo on the basis of the medium intensity of the H1 0 -H2 0 correlation peaks, and that of C1 and G12 to be around a conformation between C4 0 -exo and O4 0 -endo, on the basis of the relatively strong intensity of these peaks. In order to take account of the experimental errors and resulting uncertainties, the d and endocyclic n 0 -n 4 torsion angles were moderately constrained during the structure calculation, as described in 'Materials and methods' section.
Structure of fully modified 4'-thioDNA
The applied constraints and structural statistics for the 10 final structures are summarized in Table 1 . The root mean square deviations (RMSD) of the 10 final structures versus the mean structure for all heavy atoms, terminal residues being excluded, were 0.83 AE 0.10 Å . Figure 3A shows a stereo view of the superposition of the 10 final structures. A representative structure with the lowest energy is shown in Figure 3B . The canonical A-form and B-form of the sequence of d(CGCGAATTCGCG) 2 were constructed on the basis of the reported coordinates and parameters (Figure 4) . The widths and depths of the major and minor grooves were calculated for each structure with Curves (20) and are summarized in Table 2 . For fully modified 4 0 -thioDNA, the values averaged for the whole of the representative structure are indicated.
Pseudorotation angle, P, was calculated for each residue for 10 final structures; C1(P = 39.6 AE 5.18), G2(19.9 AE 2.98), C3(14.5 AE 4.68), G4(4.3 AE 3.08), A5(1.7 AE 6.18), A6(À0.4 AE 7.08), T7(À0.1 AE 3.68), T8(5.7 AE 5.88), C9(4.2 AE 5.28), G10(35.1 AE 4.88), C11(22.7 AE 4.38) and G12(25.1 AE 2.58). Thus, the structure calculation indicated that the sugar conformations of all residues are C3 0 -endo (08 < P < 368) or very close to C3 0 -endo. The appearance of the N-type sugar conformation, characteristic of the A-form, for all residues of fully modified 4 0 -thioDNA is quite in contrast to the finding that all residues of partially Table 2 ). These characteristics of the shapes of the two grooves of 4 0 -thioDNA coincide with those of the A-form (Figure 4 and Table 2 ). In the case of the B-form, in contrast, the major groove is wide and of intermediate depth, and the minor groove is narrow and of intermediate depth ( Figure 4 and Table 2 ). These characters of the B-form are quite different from those of fully modified 4 0 -thioDNA. It was revealed in the previous section that the local sugar conformation of fully modified 4 0 -thioDNA is the N-type, which is characteristic of the A-form. Here, it is concluded that fully modified 4 0 -thioDNA takes on the A-form not only locally but also globally.
The stacking pattern observed for fully modified 4 0 -thioDNA is shown in Figure 5 . Those of the A-form and B-form are also shown, respectively, for comparison. One remarkable difference between the A-form and B-form is the interstrand stacking. As to a 5 0 -pyrimidinepurine-3 0 step such as C3-G4/C9-G10, interstrand stacking between two purine bases is seen for the A-form, but not for the B-form ( Figure 5 ). It was found that the interstrand stacking characteristic of the A-form is also present in 4 0 -thioDNA, being even more intense than that in the A-form ( Figure 5 ). As to 5 0 -purine-purine-3 0 steps such as G4-A5/T8-C9 and A5-A6/T7-T8, the sixmembered ring of the upper purine stacks on both the five-membered and six-membered rings of the lower A-form B-form 4´-thioDNA
G2-C3/ G10-C11
C3-G4/ C9-G10
G4-A5/ T8-C9
A5-A6/ T7-T8
A6-T7/ A6-T7 purine for the B-form, but just on the five-membered ring for the A-form. The situation for 4 0 -thioDNA is the same as that for the A-form ( Figure 5) .
Usually, DNA takes on the B-form and RNA takes on the A-form (31) . Additionally, it has been reported that partially modified 4 0 -thioDNA, d(CGCGAA 4 0 S T 4 0 S T CGCG) 2 , also took on the B-form (8). The base sequence of this DNA is identical to that of fully modified 4 0 -thioDNA. Therefore, it is remarkable that fully modified 4 0 -thioDNA takes on the A-form, not the B-form. This finding is consistent with our previous suggestion that fully modified 4 0 -thioDNA takes on an RNA-like structure (7).
DISCUSSION
DNA usually takes on the B-form in solution, although a structural change to the A-form occurs under dehydrating conditions (31, 32) . Structure determination by means of NMR has demonstrated that fully modified 4 0 -thioDNA unexpectedly takes on the A-form in the solution of moderate salt and neutral pH conditions. The B-form of DNA is stabilized through interactions with hydration spines located in the minor groove (31, 33) . The O4 0 atoms of 2 0 -deoxynucleosides are critically involved in these interactions through a series of hydrogen bonds, and thus contribute to stabilization of the B-form. The S4 0 atoms of 2 0 -deoxy-4 0 -thionucleosides are more hydrophobic than the O4 0 atoms of 2 0 -deoxynucleosides. Thus, the hydration spines essential for stabilization of the B-form would not be formed for fully modified 4 0 -thioDNA, which could account for the resultant formation of the A-form in solution.
It has been reported that a 2 0 -deoxy-4 0 -thiothymidine monomer prefers the S-type sugar conformation linked to the B-form to the N-type sugar conformation linked to the A-form, the population ratio being $7 : 3 (24). It is assumed that the stacking, particularly the interstrand stacking, is more effective in the A-form than in the B-form (31, 34) . Therefore, in terms of merely stacking, the formation of the A-form might be more favorable than that of the B-form. In addition to the destruction of the hydration spine, this may account to some extent for the formation of the A-form for a 4 0 -thio-oligomer, in spite of the preference of a 4 0 -thiomonomer for the B-form sugar conformation. The finding that the stacking pattern, including interstrand stacking, for fully modified 4 0 -thioDNA is, in fact, similar to that for the A-form would be consistent with this idea. The gauche effect for O(S)-C-C-O fragments and the O4 0 (S4 0 )-C1 0 -N9/N1 anomeric effect are affected by the introduction of sulfur atom in the deoxyribose ring. Some work in this respect has been done on nucleosides (35, 36) . The changes of these effects may also contribute to the formation of the A-form for fully modified 4 0 -thioDNA, although the rational interpretation is not available at this moment.
Partially modified 4 0 -thioDNA, d(CGCGAA 0 -thionucleosides (8). This may be due to the fact that the hydration spines, which stabilize the B-form, still persist to some extent for this DNA containing only four 4 0 -thionucleosides out of 24 residues per duplex. In fact, inspection of the crystal structure deposited in the Protein Data Bank (PDB ID: 233D) revealed that many water molecules are present in the minor groove and that the hydration spine-like structure seems to be present in the minor groove, although the hydration spine-like structure was not discussed in the original paper (8).
On the basis of the elucidated structure, the remarkable properties reported for fully modified 4 0 -thioDNA can be rationally interpreted. First, it was revealed that this DNA exhibits a CD spectrum characteristic of the A-form (7), although DNA usually gives a CD spectrum characteristic of the B-form. It is dangerous to come to any conclusion regarding the structure of DNA merely from its CD spectrum, because the correlation between the structure and the CD spectrum is sometimes perturbed and not clear (37) . Structure determination by means of NMR has now firmly revealed the formation of the A-form, which is consistent with the results of CD analysis.
Second, the results regarding the interactions with several groove binders can be rationalized. It was found that fully modified 4 0 -thioDNA unexpectedly interacts with lividomycin A, resulting in an increase in thermal stability (7). Lividomycin A is known to be an RNA major groove binder. The shape of the major groove of RNA is supposed to be suitable for accommodating lividomycin A. RNA usually takes on the A-form, and 4 0 -thioDNA was demonstrated to take on the A-form. Thus, the shape of the minor groove of 4 0 -thioDNA is similar to that of RNA, being suitable for the accommodation. Thus, the unexpected interaction of 4 0 -thioDNA with lividomycin A is rationalized. It was also found that 4 0 -thioDNA interacts with neither distamycin A nor methyl green (7). Distamycin A is known to be a DNA minor groove binder preferring the AATT sequence, and methyl green to be a DNA major groove binder. The shapes of the minor and major grooves of DNA are supposed to be suitable for accommodating distamycin A and methyl green, respectively. DNA usually takes on the B-form, while fully modified 4 0 -thioDNA takes on the A-form. Therefore, the shapes of the grooves of 4 0 -thioDNA are quite different form those of usual DNA of the B-form (Figure 4 and Table 2 ), being not suitable for accommodating either distamycin A or methyl green. Thus, the absence of the interactions with these binders is explained.
Third, it was found that fully modified 4 0 -thioDNA is resistant to cleavage by DNase I, a DNA-specific endonuclease (7). This is consistent with the report by Walker and collaborators, who first revealed the endonuclease-resistance (1,3) . It was further demonstrated that the addition of fully modified 4 0 -thioDNA does not inhibit the cleavage of usual DNA by DNase I, which indicates that fully modified 4 0 -thioDNA is not even recognized, i.e. not even bound, by DNase I (7). The crystal structure of a DNase I-DNA complex has been reported, and the importance of the minor groove width and depth of the B-form was suggested for achievement of the interactions (38) . The minor groove width and depth of fully modified 4 0 -thioDNA are quite different from those of the B-form ( Figure 4 and Table 2 ). This accounts for the finding that fully modified 4 0 -thioDNA was not recognized by DNase I and exhibited resistance to cleavage by DNase I.
A crystal of d(CGCGAA 4 0 S T 4 0 S TCGCG) 2 exhibited the B-form, but it exhibited a small, but detectable, distortion of the conformation of the sugar-phosphate backbone in the regions at and adjacent to the positions of the 4 0 -thionucleosides (8). It was suggested that an endonuclease binds less well to this partially modified 4 0 -thioDNA due to the distortion, resulting in endonuclease-resistance. In the case of fully modified 4 0 -thioDNA, the structural change is more drastic and it is clearly understood why an endonuclease, DNase I, does not bind to this DNA, resulting in endonuclease-resistance. Because of this, fully modified 4 0 -thioDNA can be applied in a direct way as a nuclease-resistant functional DNA.
The interaction of a restriction endonuclease, EcoRV, with DNA containing a single 4 0 -thionucleoside has been examined (1). It was revealed that this DNA is bound by EcoRV as strongly as native non-modified DNA, but that this DNA is cleaved much more slowly than the native DNA. It was also indicated that EcoRV methylase does not methylate DNA, in which one or two Ts are substituted by 2 0 -deoxy-4 0 -thiothymidine in the sequence d(GACGATATCGTC) (1) . The reason for the reduced cleavage rate was not elucidated, as the crystal structure of the complex between EcoRV and this DNA showed that the conformation of DNA had not significantly changed (1, 8, 39) . The mechanism of endonuclease resistance seems to differ between this DNA and fully modified 4 0 -thioDNA. In any case, fully modified 4 0 -thioDNA is not recognized, i.e. not bound, by endonuclease, DNase I, due to the formation of the A-form, which inevitably results in endonuclease resistance.
Fourth, the competition assay surprisingly indicated that fully modified 4 0 -thioDNA is recognized, i.e. bound, by RNase V 1 (7), which is an RNA-specific endonuclease (40) . Although the structure of RNase V 1 has not been reported, it is suggested that RNase V 1 interacts with the minor groove of RNA (41) . It is also suggested that the interaction of RNase V 1 with the 2 0 -hydroxyl group of RNA is not necessary for binding (42) . Therefore, the fact that the shape of the minor groove of fully modified 4 0 -thioDNA is similar to that of RNA ( Figure 4 and Table 2 ) allows rationalization of the unexpected recognition of fully modified 4 0 -thioDNA by RNase V 1 .
